The interaction of tetratopic amidinium-containing receptors with terephthalate anions leads to porous framework materials assembled through charge-assisted hydrogen bonds. The frameworks form in good yield within minutes in water at room temperature, but no framework material is obtained if other anions (Cl
Introduction
Encumbered by the difficulties associated with binding anions in protic solvents, the eld of anion recognition has lagged behind that of cation recognition.
1 Even aer decades of research, there are few supramolecular hosts that can bind anions in water, and fewer still that can achieve selective recognition in this medium.
2
Given these difficulties, it is perhaps unsurprising that the eld of anion-templated self-assembly is very much in its infancy, particularly when compared with the impressive successes of transition metal-templated self-assembly.
3 However, despite the signicant challenges, notable successes have been reported including the anion-templated syntheses of interlocked structures (Beer), 2e,4 stimuli-responsive pseudorotaxanes and threaded architectures (Sessler), 5 and very recently, cages (Kruger and Gunnlaugsson, and Wu).
6
Inspired by recent developments in the eld of hydrogenbonded framework materials, in particular Ward's pioneering work on guanidinium/sulfonate frameworks, 7 and Friščić's demonstration that imidazolium sulfate salts are "mirror images" of the transition metal imidazolate analogues, 8 we have investigated the use of simple anions to assemble supramolecular framework materials. 9 Herein, we describe the use of terephthalate anions to prepare porous frameworks, which we believe to be an unprecedented demonstration of anion-induced selfassembly in water. 10, 11 While the amidinium group has been elegantly exploited to prepare self-assembled systems, 11, 12 it has received relatively little attention within anion recognition chemistry.
13 This is perhaps surprising, given its similarity to the thoroughly-explored guanidinium functionality. 14, 15 Attracted by the amidinium motif's relatively high pK a , 16 strong hydrogen bonding capability and ease of synthesis, we sought to investigate whether the favourable interaction between this motif and carboxylate anions could be used to prepare self-assembled structures.
Results and discussion
While complex systems assembled by amidinum/carboxylate interactions have been reported, 11, 12 little information regarding the strength of a simple 1 : 1 amidinium/carboxylate interaction is available. Therefore, we initially investigated the solution anion recognition properties of simple model receptor 1$BPh 4 ( Fig. 1 In an effort to modify the kinetics of framework formation, we next investigated the use of water as solvent; this required the use of 2$4Cl, as 2$4BPh 4 is insoluble in water. Mixing aqueous solutions of 2$4Cl and TBA 2 $TP resulted in the formation of large needle-like crystals. Crystals were visible within 1-2 minutes, and crystal growth was complete within an hour (see ESI Video †).
The crystals were analysed by SCXRD studies, which show that the material possesses a distorted diamondoid topology with the formula [2$(TP) 2 ] n $water (Fig. 2) . The framework is constructed from parallel hydrogen bonds between the two "forward-facing" amidinium N-H groups and the two carboxylate oxygen atoms. These hydrogen bonds are short [N/O distances: 2.787(3) and 2.832(3)Å, hN-H/O: 171 and 165 , H/ O distances: 1.91 and 1.99Å, 71 and 74% of the sum of the van der Waals radii 20 of H and O]. The framework crystallises in the I-centered tetragonal space group I4 1 /a, and is signicantly interpenetrated, with 11 interpenetrating nets (Fig. S23 †) . 21 Despite this, the material contains accessible pores, which exist as square channels with a diameter of approximately 1.3 nm running down the crystallographic c-axis. In the crystalline state, the channels are lled with water molecules, which can be resolved crystallographically, and these solvents comprise about 45% of the unit cell volume. [2$(TP) 2 ] n has a calculated Connolly surface area of 1470 m 2 g À1 (using a probe radius of 1.82Å), but unfortunately initial attempts to activate the framework via solvent exchange and evaporation, or supercritical CO 2 , removal appear to result in the collapse of the porous network structure (see ESI †). The framework synthesis was repeated on a preparative scale, giving access to "bulk" quantities of [2$(TP) 2 ] n in good yield (77%). In addition, the material was further characterized by powder X-ray diffraction (PXRD) experiments, IR spectroscopy, thermogravimetric analysis (TGA), elemental analysis (EA) and by 1 H NMR spectroscopy of an acid-digested sample (see ESI †). Given that the material is prepared from TBA 2 $TP, it is conceivable that the large TBA cations could have a templating effect on the structure -however, this was ruled out by preparing the framework from sodium terephthalate. Any possible structure directing effect of the chloride anions was also ruled out by preparing the framework from 2$4Br, and from 2$4NO 3 .
It anions, 22 suggesting that no extended structures form in water with these anions. We suggest that the interaction between all these anions and 2 4+ in water is negligible, so no insoluble aggregates form. Conversely, when terephthalate is used, the interaction between this anion and the tetra-amidinium receptor is strong enough that small "clusters" of receptors and anions can form that nucleate crystal growth. 23 Remarkably, the framework could be prepared in 50 mM NaCl (aq) , even though this corresponds to a greater than 100-fold excess of chloride anions relative to terephthalate anions. Surprisingly, when [2$(TP) 2 ] n was prepared in this way, no evidence of incorporation of NaCl into the channels was observed by SCXRD.
A key advantage to preparing frameworks from terephthalate anions is that [2$(TP) 2 ] n is prepared from solution at room temperature, unlike metal organic frameworks (MOFs) and covalent organic frameworks (COFs), which typically (although not always) require solvothermal synthesis. We sought to use these mild synthetic conditions to our advantage by reversibly "breaking" and re-forming our frameworks. Suspending crystals of [2$(TP) 2 ] n in water and adding dilute HCl (aq) or triuoroacetic acid caused the dissolution of the crystals, presumably due to protonation of the carboxylate anion breaking apart the favourable hydrogen bonding interactions. Neutralising the solution using NaOH (aq) caused the framework to reform within minutes. The ability to selectively "trigger" the destruction of a framework in response to a stimulus, and importantly, to recreate it, suggests that carboxylate anion-based materials may have future applications in controlled release systems, where encapsulated guests are freed by disassembling the extended network in response to acid.
To further investigate the formation of the frameworks, we next investigated the preparation of [2$(TP) 2 ] n in the presence of an organic co-solvent. When 2$4Cl and TBA 2 $TP were mixed in 2 : 1 water : acetone, crystals did not form within minutes (as was observed in pure water), but instead several hours were required for crystal growth to commence. Analysis by SCXRD revealed that the product was again an extended framework material, but in this case the structure crystallised in the orthorhombic space group Fddd.
This orthorhombic framework is again held together by short N-H/O hydrogen bonds between amidinium and carboxylate groups (Fig. 3) , but in this case two hydrogen bonding arrangements are observed (as 50 : 50 disordered positions in the solid state structure). In one case, a similar "double" hydrogen bond is observed as in the tetragonal structure, in another both N-H donors bind to one carboxylate oxygen. Again, the structure is highly interpenetrated (15 interpenetrating nets), but contains signicant pore space, although not as much as the tetragonal form ($18% "free" space -i.e. space occupied by solvents). Furthermore, the Connolly surface (using a probe radius of 1.82Å), is comprised of disconnected pore voids. We prepared this framework on preparative scales in good yield, and characterised it by PXRD, IR, TGA, EA, and by 1 H NMR spectroscopy of an acid-digested sample. Upon further investigation, we found that a range of percentages of acetone in water gave ortho-[2$(TP) 2 ] n , and interestingly that even trace amounts of ethanol in water (e.g. 1% ethanol v/v) caused formation of this orthorhombic phase (as opposed to the tetragonal phase that forms in 100% water). Furthermore, when [2$(TP) 2 ] n was prepared in 100 mM NaCl (aq) , crystallisation was signicantly slowed, and the major product was the orthorhombic phase. When [2$(TP) 2 ] n was prepared in the presence of an equimolar amount of sulfate anions by adding two equivalents each of TBA 2 $TP and TBA 2 $SO 4 to 2$4Cl, crystallisation was again slow and only pure ortho-[2$(TP) 2 ] n was isolated, with no inclusion of SO 4 2À in the product. Again this shows a remarkable degree of selectivity between two similar anions. Given that ortho-[2$(TP) 2 ] n appeared to be forming over a signicantly longer period of time than tet-[2$(TP) 2 ] n , we reasoned that this may be the thermodynamic form of the framework, while the more open tetragonal phase corresponds to a kinetically-trapped product.
24 Consistent with this hypothesis, preparing [2$(TP) 2 ] n in warm (50 C) water gave the orthorhombic form, presumably due to the greater thermal energy allowing the system to overcome potential kinetic traps. Furthermore, taking crystals of tet-[2$(TP) 2 ] n and boiling in either water or ethanol for two hours resulted in complete single-crystal-to-single-crystal conversion 25 to the thermodynamic product ortho-[2$(TP) 2 ] n , as evidenced by SCXRD and PXRD experiments. Boiling ortho-[2$(TP) 2 ] n in either ethanol or water produced no change in the structure, which remained robust throughout (as evidenced by PXRD).
Intriguingly, the kinetic product tet-[2$(TP) 2 ] n loses crystallinity over time when removed from solvent (aer briey becoming more crystalline, see ESI †) but this crystallinity can be recovered by addition of a drop of water. Conversely, ortho-[2$(TP) 2 ] n is stable to solvent removal and over prolonged periods of time. When tet-[2$(TP) 2 ] n is allowed to lose solvent and become acrystalline, it can be converted to ortho-[2$(TP) 2 ] n by simply adding a few drops of ethanol. Once conversion is complete, this form is robust to loss of solvent. A full list of experimental conditions leading to the two different phases of the product is provided in the ESI. †
Conclusions
In this paper, we have demonstrated that a simple amidinium receptor can recognise carboxylate anions in aqueous media, and have then used these amidinum/carboxylate interactions to synthesise supramolecular frameworks in water. We are now investigating whether more robust materials can be prepared using this anion-mediated approach with the aim of making these stable to solvent removal and thus suitable for gas/guest adsorption. We envisage that the ability to deliberately dis-assemble these frameworks and later re-assemble them will be attractive for guest storage and controlled release.
Experimental

General remarks
Tetra(4-cyanophenyl)methane was prepared from tetraphenylmethane as previously described. 17 Additional synthetic details and characterisation data are provided in the ESI. †
Synthesis of 2$4Cl
Tetra(4-cyanophenyl)methane (0.500 g, 1.19 mmol) was dissolved in dry THF (10 mL). It was cooled to À78 C under a nitrogen atmosphere, and LiHMDS solution (1.0 M in THF, 7.1 mL, 7.1 mmol) was added resulting in the immediate formation of a precipitate. The mixture was allowed to warm to room temperature and stirred overnight, during which time the precipitate dissolved to give a yellow-orange solution. This was cooled to 0 C and ethanolic HCl (prepared by cautiously adding 2 mL of acetyl chloride to 10 mL ethanol) was added, which resulted in the formation of a pale precipitate. This was isolated by ltration, and then suspended in ethanol (10 mL) and sonicated for 1 hour. The solid was again isolated by ltration, washed thoroughly with ethanol (5 Â 10 mL) and dried in vacuo to give 2$4Cl as a cream-coloured powder. Yield: 0.612 g (0.964 mmol, 81%). 150.8, 131.3, 127.8, 126. 
